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Abstract. In this paper, we describe two complementary non-linear spectroscopy 
methods which both allow to achieve Dopplcr-free spectra of atomic gases. First, 
saturated absorption spectroscopy is used to investigate the structure of the 5S]/2 — > 
5P 3 /2 transition in rubidium. Using a slightly modified experimental setup, Dopplcr- 
free two-photon absorption spectroscopy is then performed on the 5Si/ 2 — > 5D 5 / 2 
transition in rubidium, leading to accurate measurements of the hyperfine structure of 
the 5D 5 /2 energy level. In addition, electric dipolc selection rules of the two-photon 
transition are investigated, first by modifying the polarization of the excitation laser, 
and then by measuring two-photon absorption spectra when a magnetic field is applied 
close to the rubidium vapor. All experiments are performed with the same grating- 
feedback laser diode, providing an opportunity to compare different high resolution 
spectroscopy methods using a single experimental setup. Such experiments may 
acquaint students with quantum mechanics selection rules, atomic spectra and Zceman 
effect. 
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1. Introduction 

The development of laser diode devices about thirty years ago is nowadays regarded as 
an indisputable breakthrough either for the growth of a broad range of technological 
applications or for its huge impact on atom physics research, from high resolution 
spectroscopy to laser cooling techniques. Although the spectral properties and the 
tunability of these lasers may prove unsuited for some applications, an efficient device 
can be built by stabilizing the diode using an optical feedback from an external grating 
operating in Littrow configuration [TJ [2]. One can thus easily obtain a low-cost narrow 
band laser with several tens of milliwatts of optical power and a mode-hop free frequency 
tuning which can be larger than 50 GHz. 

Such tunable laser diodes are useful tools for teaching atom physics in advanced 
undergraduate laboratory courses. Indeed, many experiments have been developed for 
undergraduates using these devices in the past years, ranging from atomic hyperfine 
structure studies of Rubidium and Cesium [31 H] , to interferometric measurements of the 
resonant absorption and refractive index in rubidium gas [5], temperature dependance of 
Doppler-broadening pj, or observation of Faraday effect [7] and two-photon spectroscopy 
in Rubidium [8]. 

In this paper, we use a simple grating-feedback laser diode to investigate the 
hyperfine structure of the 5P3/2 and 5D 5 / 2 excited states in rubidium. This is achieved 
following two different methods of Doppler-free high resolution spectroscopy. First, 
saturated absorption spectroscopy is performed on the 5Si/ 2 — > 5P 3 / 2 transition 
in rubidium to measure the hyperfine structure of the 5P3/2 excited-state. Using 
the same laser diode and a slightly modified experimental setup, Doppler-free two 
photon absorption spectroscopy is then performed on the transition 5Si/2 — > 5D 5 / 2 , 
leading to accurate measurements of the hyperfine structure of the 5D 5 / 2 energy level. 
These two techniques, both based on non-linear interaction of light with atoms, are 
complementary since they enable to probe atomic transitions following different electric 
dipole selection rules. Indeed, for single-photon transitions involved in saturated 
absorption spectroscopy, the orbital angular momentum / must satisfy the selection 
rule A/ = ±1. Consequently, transitions have to involve ground and excited states 
with opposite parity. Contrarily, selection rules for two-photon transitions become 
Al = 0, ±2, allowing to investigate transitions between levels of identical parity. 

In the following, we begin by providing a general description of the experimental 
apparatus used to perform the experiments. We then briefly discuss Doppler broadening 
and describe Doppler-free saturation absorption spectroscopy of the 5Si/ 2 — > 5P 3 / 2 
transition in rubidium, which is the simplest undergraduate experiment using tunable 
laser diode [3], H]. Afterwards, the hyperfine structure of the excited state 5D 5 / 2 is 
probed using Doppler-free two-photon absorption spectroscopy. In addition, electric 
dipole selection rules of the two-photon transition are investigated, first by modifying 
the polarization of the excitation laser, and then by measuring two-photon absorption 
spectra when the rubidium vapor cell si placed in a magnetic field. Such experiments 
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provide an opportunity to compare different high resolution spectroscopy methods 
using a single experimental setup and may acquaint students with quantum mechanics 
selection rules, atomic spectra and Zeeman effect. 

2. Experimental apparatus 

All experiments are performed with a commercial grating-feedback laser diode (Toptica 
Photonics, DL100) operating in Littrow configuration [§]. Such laser diode, stabilized 
in temperature, has a typical free-running wavelength of 780 nm with 1 MHz linewidth 
and an output power of 30 mW. Besides, a 30 dB optical isolator (Electro-Optics 
Technologies) is used to prevent from laser instability caused by optical feedback in 
the laser diode cavity. 

Preliminary tuning of the laser diode emission wavelength close to a resonant 
transition of rubidium is achieved by manually changing the length of the external cavity 
and by monitoring the output wavelength using a commercial wavelength-meter [10J. 
Scanning the frequency of the laser diode is then realized by applying a voltage ramp to a 
piezoelectric transducer which changes the external cavity length and thus the emission 
wavelength. With Toptica DL100 commercial diode, a mode- hop free frequency tuning 
around 20 GHz is easily achieved. 

Part of laser emission is constantly sent into a homemade Fabry-Perot 
Interferometer (FPI), with a 750 MHz free-spectral-range and a finesse JF = 10, which 
transmission peaks provide a frequency reference for the measurements of rubidium 
spectral features. A rubidium vapor cell containing 85 Rb (72% natural abundance) and 
87 Rb (28% natural abundance) from Thorlabs is used. The energy level diagram of the 
relevant transitions in rubidium is shown in figure [TJ 

3. Doppler broadening of absorption spectra 

In conventional laser spectroscopy, atomic hyperfine structure is often hidden by 
inhomogeneous Doppler broadening. Indeed, when atoms in a vapor cell are irradiated 
by a laser beam at frequency in the laboratory frame of reference, they experiment 
in their own frame a Doppler shifted laser frequency z/, related to the atom velocity v z 
along the incident light direction z as 

(1) 

where c is the speed of light. This formula is valid in the approximation of non-relativistic 

atoms v z <C c. 

As a result, by scanning the laser frequency around an atomic transition at 
frequency uq, the class of atoms with velocity v z absorbs light when the condition 
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Figure 1. Energy level diagram for 8j Rb and Rb 



is fulfilled. For atoms in a vapor cell, the probability distribution of velocities p(v z 
follows a Maxwell-Boltzmann distribution 

r 2 



mv 
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where k b the Boltzmann constant, T the absolute temperature and m the mass of the 
atoms. By substituting equation ^ into equation ([3]), the relative number of atoms N 
which are resonant with the laser at frequency Ul, is given by the Gaussian function 
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This distribution is directly translated in a Gaussian shape of the atomic medium 
absorption profile, centered at the resonant frequency u and with a full-width at half- 
maximum (FWHM) Az/d p given by 



Az/ dop = 2u \ 



l2k B T\n2 



mc* 



(5) 



For rubidium atoms, Az/d op ~ 500 MHz at room temperature, which is smaller than the 
energy splitting between ground state 55*1/2 hyperfine levels but much bigger than the 
one of the excited state 5P 3 / 2 (See Fig. fll). 

In order to experimentally observe Doppler broadened absorption spectra, the 
extended-cavity diode laser is tuned close to the rubidium transition 5Si/ 2 — > 5P 3 / 2 at 
the wavelength A = 780.24 nm (vacuum wavelength) and directed through the rubidium 
vapor cell. A typical absorption profile for the 5Si/ 2 — > 5P 3 / 2 transition in rubidium is 
depicted in figure [2] Ground state hyperfine levels are resolved whereas the hyperfine 
structure of the 5P 3 / 2 excited-state remains hidden by Doppler broadening. Gaussian 
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Figure 2. Doppler-broadened absorption spectrum related to the transition 5Si/2 — > 
5P3/2 in rubidium at room temperature. The ground-state hyperfine splitting is 
measured to be 3.02 ± 0.03 GHz for 85 Rb and 6.80 ± 0.07 GHz for 87 Rb. Excited- 
state hyperfine structure is hidden by Doppler broadening. 



fit of each absorption line gives a FWHM of 518 ± 15 MHz as expected for Doppler 
broadening at room temperature |lTj . 

4. Doppler-free saturated absorption spectroscopy 

4-1. Principle 

In the early seventies, Theodor W. Hansch and Christian Borde independently 
introduced a method using non-linear interaction of laser light with atoms to achieve 
Doppler-free spectra of atomic gases [121 H3J EE]- This technique, commonly called 
saturated-absorption spectroscopy, has revolutionized spectroscopy studies [15] and is 
now widely used in atom physics research as a versatile method to lock laser frequencies 
on atomic transitions. 

In such a technique, two counterpropagating laser beams at identical frequencies 
Vl are interacting with atoms in a vapor cell. One beam is noted P as pump beam, 
and the other one, weaker, is noted S and usually called probe beam. When the laser 
frequency Vl is different from the frequency z/ of the atomic transition (e.g. vl > Vq), 
the pump beam P interacts with a group of atoms with velocity v z , whereas the 
counterpropagating probe beam S excites the symetric group of velocity — v 2 . As a 
result, the two laser beams interact with different classes of atom and the absorption 
spectra are identical to the one obtained using a single laser excitation scheme. However, 
under the particular circumstance where vi = Uq, both beams interact with the same 
class of atoms of velocity v 2 = 0. In that case, the pump beam P saturates the atomic 
transition, depleting the number of atom with velocity v 2 = in the ground state. As 
a result, the absorption of the counterpropagating probe beam is decreased, as most 
part of the atoms are already excited by the pump beam. The absorption of the probe 
beam finally presents a Doppler broadened profile, on which is superimposed a dip 
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corresponding to the resonant frequency vq, for which both beams are interacting with 
the same class of atoms v z = 0. 

Using Bloch equations theory in the approximation of a two level atom, the dip is 
shown to be Lorentzian with a linewidth Au (FWHM) given by the relation [T6] 



where 27 is the natural linewidth of the transition, r sp the spontaneous emission rate 
and fli the Rabi frequency associated with the pump beam P which saturates the 
atomic transition. In principle, such method should then allow to reach an asymptotic 
value of the natural linewidth of the transition by decreasing the saturating pump beam 
intensity. 

4-2. Crossover resonance 

We now consider two atomic transitions at frequencies v\ and vi [y\ < v^) involving a 
common ground state, with a frequency difference smaller than the Doppler broadening 

Az^Dop- 

When the laser frequency is set exactly midway between the two resonances, 
v l = (vi+v 2 )/2, the pump beam interacts with two classes of atoms of opposite velocities 
v z and — v z . Positive velocity atoms v 2 experiment the pump beam redshifted to the 
lower transition frequency V\ = Ul(1 — v z /c) whereas atoms with negative velocity — v z 
see the pump beam blueshifted to the higher resonance frequency u 2 = v^{\ + v z /c). 
This results in a depletion of the number of atom with velocities ±v 2 in the ground 
state. At the same frequency, the probe beam interacts with exactly the same group 
of atoms, but in opposite way as atoms with velocity — v z (resp. v z ) are resonant with 
the transition V\ (resp. v 2 \ Then, the probe beam absorption profile once again shows 
a dip, more intense than the one observed for standard resonance as it involves two 
groups of atom velocities. This dip, usually called a crossover resonance, is peculiar to 
saturated absorption spectroscopy. 

4-3. Experimental setup and results 

The experimental setup used to implement Doppler-free saturated absorption 
spectroscopy of rubidium is described in figure [3^a). 

The laser beam, tuned close to the rubidium transition 5Si/ 2 — > 5P 3 / 2 , is first sent 
through a half- wave plate and a polarizing beamsplitter (PBS), used to control the 
light power entering into the rubidium cell. The pump beam P then travels through 
the rubidium cell and is retroreflected as a counterpropagating probe beam S using a 
mirror and a 1% optical density. A quarter wave plate is inserted in order to rotate 
by 90° the probe beam polarization which is finally reflected by the PBS and detected 
using a photodiode. 

Typical saturated absorption spectra are depicted in figures |3^b) and (c). Within 




(6) 
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Figure 3. Doppler-free saturated absorption spectroscopy of rubidium. (a)- 
Expcrimcntal setup. OI: optical isolator, A/2: half-wave plate, A/4: quarter-wave 
plate, PBS: polarization beamsplitter, FPI: Fabry-Perot Interferometer, D: optical 
density (1%), M: mirror, Dl and D2: photodiodes. P and S denote the pump 
and probe beam respectively. (b)-Saturated absorption spectrum for the transition 
5S!/2,F g = 2 — * 5P 3 / 2 of 87 Rb. Six Doppler-free dips are resolved corresponding 
from left to right to F g = 2 — ► F e = 1, crossover F e — 1&2, F e — 2, crossover 
F e = 1&3, crossover F e = 2&3, and F e — 3. (c)- Saturated absorption spectrum 
for the transition 5Si/2,F g = 3 — > 5P3/2 of 85 Rb. From left to right the peaks 
correspond to F e — 2, crossover F e = 2&3, F e — 3, crossover F e — 2&4, crossover 
F e = 3&4, and F e — 4. Solid lines are data fitting using the product of six Lorentzian 
functions with a Gaussian profile. For the hypcrfine structure of the 5P3/2 excited 
state, we finally obtain S [(1 <-> 2)] s7ja = 156 ± 2MHz, S [(2 <-> 3)} 87Rb = 264 ± 3MHz, 
S [(2 <-> 3)} 85Rb = 64 ± 1MHz, and S [(3 <-> 4)] 85J?fc = 119 ± 2MHz, where (5 [(i <-> j)] is 
the energy splitting between hyperfine sublevels F e = i and F e = j. 

a Gaussian envelope resulting from Doppler broadening, six dips appear, three of them 
being related to the hyperfine structure of the excited state 5P3/2 and the three others 
corresponding to crossover resonances. 

The linewidths of the saturated absorption dips are found equal to Av = 22±1 MHz 
for 87 Rb and Av = 20 ± 1 MHz for 85 Rb. The lifetime r of the 5P 3/2 excited state in 
rubidium is about 28 ns. The natural linewidth predicted by the Heisenberg uncertainty 
principle is then 27 = 1/(27tt) = 6 MHz, much smaller than the one measured. 

As illustrated by equation (|6]), the spectral linewidth Av of the absorption dips 
strongly depends on the pump beam intensity which saturates the atomic transition. 
As such saturation is at the heart of the method, it is hard to reach the natural linewidth 
using Doppler-free saturated absorption spectroscopy. A possible method would consist 
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in measuring the linewidth of the dips for different pump beam intensities and to take the 
asymptotic value of the linewidth at null intensity. However, the obtained value would 
still be bigger than the natural linewidth because of collisions and inhomogeneous transit 
time broadening resulting from the finite time of interaction between the atoms and the 
laser light [To] . 

In the early seventies, saturated absorption spectroscopy led to huge improvements 
in metrology experiments [T7]. However, this method is sensible to recoil effect when 
an atom absorbs or emits a photon, which induces a splitting of the lines [TBI [19]. 
For metrology applications, saturated absorption spectroscopy has thus quickly been 
superseded by other methods, like Doppler-free two-photon absorption spectroscopy. 



5. Doppler-free two-photon absorption spectroscopy 

The possibility to use two photon absorption as Doppler-free spectroscopy method has 
been first proposed by L. S. Vasilenko, V. P. Chebotaev and A. V. Shishaev [20] whereas 
the first experimental demonstration has been simultaneously obtained in 1974 by F. 
Biraben, B. Cagnac and G. Grynberg J2TJ [22] in Paris and by M. D. Levenson and N. 
Bloembergen [23] in Harvard . 

Nowadays, Doppler-free two-photon absorption spectroscopy is still the most 
powerful method for high precision measurements of fundamental constants like the 
Lamb shift or the Rydberg constant [21] . 



5.1. Principle 



We consider atoms in a vapor interacting with two counterpropagating beams at same 
frequency Ul in the laboratory frame of reference (figure [4]). In its rest frame, each atom 
with velocity v 2 interacts with two Doppler shifted travelling waves at frequency z/i and 
which, in the approximation of non-relativistic atoms v z <C c, are equal to : 



V2 = Vl 



1 - 



1 + 



c 

V* 



(7) 
(8) 



We now suppose that the atoms can reach an excited state |e) (energy E e ) by 
absorbing two photons in the ground state \g) (energy E g ). Using equations (7) and (8), 
the resonant condition for absorbing two photons travelling in opposite directions is given 
by: 

v, 



E e - E„ = hv L 



+ hv L 



1 + 



2hu T 



(9) 



The terms depending on atom velocity disappear as the two Doppler shift terms cancel. 
Consequently, when the resonance condition ^ is fulfilled, all the atoms, irrespective of 
their velocities, can absorb two photons. The line shape of this Doppler-free two-photon 
absorption resonance is theoretically predicted to be Lorentzian, the width being the 
natural linewidth 7 of the transition [23]. Contrary to saturated absorption spectroscopy, 
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Figure 4. Principle of Doppler-free two-photon absorption spectroscopy. (a)-An atom 
is interacting with two opposite travelling waves at same frequency vl in the laboratory 
frame of reference. (b)-In the atom rest frame, the two frequencies are Dopplcr-shiftcd 
to vi and vi. By absorbing two photons travelling in opposite directions, the Doppler 
shifts cancel. 



there is no recoil shift using such method as the total momentum transfer from light to 
atom is null. 

When the resonant condition is not realized, or when the two counterpropagating 
beams are not well superimposed, the atoms can not absorb two photons propagating 
in opposite directions anymore. However, some atoms can still absorb two photons 
propagating in the same direction, if their velocity v z fulfill the relation E e — E g = 
2hvL 1 ± — . Such a process leads to an additional Doppler-broadened profile. 
However, for a given frequency Vl of the laser, only one class of atom velocities 
contributes to this Doppler broadened signal, whereas all the atoms contribute to the 
resonance signal when the condition ^ is fulfilled. As a result, Doppler-free two-photon 
absorption spectra appear as the superposition of a Lorentzian curve of large intensity 
and narrow width, and a Gaussian profile of small intensity and broad width (Doppler 
width) [25]. 

Single-photon transitions satisfy the selection rules Al = ±1, where I is the 
orbital angular momentum. Such transitions then require ground and excited states of 
opposite parity, like the transition 5Si/2 — > 5P3/2 investigated using saturated absorption 
spectroscopy in section |4| For two-photon transitions, the selection rules become 
Al = 0, ±2, allowing to investigate transitions between levels of identical parity. In that 
sense, two-photon spectroscopy is complementary to saturated absorption spectroscopy. 

In the following, we investigate the transition 5Si/2 ~~ > 5D 5 / 2 of rubidium. Two- 
photon absorption is achieved by exciting rubidium at the wavelength A = 778.1 nm 
(vacuum wavelength), and detected by monitoring the fluorescence at 420 nm from the 
5D 5 /2 — > 6P3/2 — > 5Si/2 radiative cascade decay (Fig. [5^a)). 

Usually, non-linear processes like two-photon transitions require high-power lasers. 
However, for the case under study, the two-photon transition probability is greatly 
enhanced because the first excited 5P 3 / 2 state is close (2 nm detuning) to the virtual 
intermediate state involved in the two-photon process (Fig. [5^ a)). Furthermore, the 
need of high power is also compensated by the fact that all the atoms contribute to the 
Doppler-free signal whereas saturation spectroscopy only involves a single class of atom 
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with velocity v z = 0. Therefore, the experiment can be performed with a simple tunable 
laser-diode HE [271 12H] • 

5.2. Experimental setup 

The experimental setup used to implement Doppler-free two-photon absorption 
spectroscopy is depicted on figure |5](b). 

After preliminary tuning of the laser diode at the wavelength A = 778.1 nm, 
the laser beam is sent through a half-wave plate and a polarizing beamsplitter (PBS). 
The reflected light on PBS is directed into the Fabry- Perot Interferometer for frequency 
reference while the transmitted part is focused inside the rubidium cell using a pair 
of collimating lens. The beam is then retroreflected using a mirror to obtain the 
required counterpropagating beams configuration. For the present experiment, the 
laser power entering the rubidium cell is measured equal to 18 mW. A quarter-wave 
plate is also introduced before the rubidium cell in order to excite the atoms with two 
counterpropagating beams with identical circular polarizations cr + . This corresponds 




Figure 5. (a)-Energy levels involved in the two-photon transition 5Si/2 — > 5D 5 / 2 
of rubidium, (b)- Doppler-free two-photon spectroscopy setup. 01: optical isolator, 
A/2: half-wave plate, PBS: polarization beamsplitter, A/4: quarter-wave plate, FPI: 
Fabry-Perot Interferometer, Dl : photodiode, LI: 100 mm focal lenses, M: mirror, 
L2: 60 mm focal lens, F: 10 nm width interference filter centered at 420 nm. PM: 
photomultiplier. The rubidium cell is inserted in a copper ring, on which a couple of 
high power resistors (R) are glued in order to heat the cell. An optical window (OW) 
is cut inside the copper to detect the fluorescence. 
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to the most efficient procedure to fulfill the selection rule Al = 2 of the investigated 
two-photon transition. Such configuration also strongly reduces the amount of light 
reflected into the laser diode, as the reflected light is mostly cut by the PBS. Even by 
using an optical isolator, we noticed that optical feedback was causing instability in the 
laser output when the quarter-wave plate was removed. 

The efficiency of two photon absorption strongly depends on the atomic vapor 
temperature [8], which is directly related to the average number of atoms in interaction 
with the laser in the focal volume. For the studied two-photon transition, it has been 
shown that the fluorescence signal at 420 nm used to monitor two-photon absorption 
begins to be efficient for temperature higher than 80° C [S]. This signal then increases 
with temperature until saturation around 130°C At higher temperatures, even if the 
two-photon absorption probability is still increasing, the fluorescence signal did not 
increase anymore because of self-absorption of the 6P3/2 — > 5Si/2 transition [26J. 

Usually the atomic vapor is heated by introducing the cell inside an oven. Here 
the rubidium cell is simply inserted in a copper ring on which two high power resistors 
(67 f2, 10 mW maximal power) are glued and used to heat the sample (see Fig. [5|b)). 
All contacts are realized with heat pasting grease and the ensemble is finally isolated 
using aluminium paper. An optical window is cut inside the copper ring in order to 
collect the blue fluorescence, using an imaging lens, an interferometric filter centered at 
the wavelength A = 420 nm, used to isolate the fluorescence from scattered light, and a 
photomultiplier. 

5.3. Results 

Two-photon absorption spectra are recorded by scanning the frequency of the laser diode 
and detecting the fluorescence from the 5D 5 / 2 — > 6P 3 / 2 — > 5Si/ 2 radiative cascade decay. 
When the retroreflected beam is misaligned, Doppler-broadened absorption spectra, 
which arise from absorption of two photons from the same laser beam, are measured. 
As depicted on figure [6|a), four lines corresponding to the hyperfine ground states of 
85 Rb and 87 Rb are observed. However it is not possible to resolve excited state hyperfine 
structure, which remains hidden by Doppler broadening. By fitting each line with a 
Gaussian profile and using relation (J5|, the temperature of the atomic vapor in the 
interaction volume can be estimated. A temperature of about 140° C is achieved, which 
corresponds to optimal detection of the two-photon absorption process, as discussed in 
the previous section. 

When the retroreflected beam is properly aligned, Doppler-free two-photon 
absorption spectrum is evidenced as depicted on figure (6^b). Strong fluorescence 
peaks at atomic resonant frequencies are superimposed to the remaining weak Doppler 
broadened profile. As a two-photon transition is considered, energy difference in terms 
of laser frequency is related to energy splitting of the atom by a factor one half. The 
ground state hyperfine splitting is then measured to be 3.03 ± 0.03 GHz for 85 Rb and 
6.83 ± 0.06 GHz for 87 Rb, in excellent agreement with other published values [29] . 
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Figure 6. (a)-Fluorescence spectrum of the 5Si/2 — ► 5D 5 / 2 two-photon transition in 
rubidium, when the retroreflected beam is misaligned. Blue solid line correspond to 
a fit of the data with four Gaussian functions, which correspond to the ground state 
hyperfine levels of 85 Rb and 87 Rb. Energy differences in term of laser frequency are 
related to hyperfine energy splittings by a factor one half. (b)-Doppler-free spectrum 
of the 5Si/2 — > 5D 5 / 2 two-photon transition in rubidium. (c)-(f)-Hyperfine structure 
of the excited state 5D 5 / 2 for 85 Rb and 87 Rb. F g and F e are respectively related to the 
total angular momentum of the hyperfine levels on the ground state and on the excited 
state. Data fitting with Lorentzian functions leads to S [(1 <-> 2)] 87Rb = 15 ± 1MHz, 
d [(2 <-> 3)] 87jRfc = 22±lMHz, (5[(3 <-> 4)] 87i?fc = 28± 1MHz, S [(1 <-> 2)] 85Rb = 5±lMHz, 



rJ[(2^3)], 



8 ± 1MHz, S [(3 4)] 85 



10 ± 1MHz, and (5 [(4 ^> 5)] 



S5 7?6 



9± 1MHz, where 5[(i 
and F e — j. 



j)] is the energy splitting between hyperfine sublevels F e 



The hyperfine structure of the excited state 5D 5 / 2 , is then studied by reducing the 
frequency scanning range of the laser diode and zooming on the resonances of the two- 
photon absorption profile. As depicted on figures [6|c)-(f), all the hyperfine levels of the 
5D 5 / 2 excited state are properly resolved, except F e = for 85 Rb. Even if the precision of 
the measurements is poor, due to laser diode instabilities, the measured spectral features 
are again in agreement with precise measurements given in reference [29j. Note that 
such an experiment also illustrates the selection rule on the total angular momentum 
AF = 0, ±1, ±2 for the two-photon absorption process 

For the data depicted on figure |6j the linewidths of the resonant peaks, measured 
in terms of laser frequency, are on the order of 2 MHz, which is close to the spectral 
bandwith of the laser diode. The lifetime of the 5D 5 / 2 excited state is about 266 ns, 
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leading to a natural width of the transition around 27 = 600 kHz. As two-photon 
transitions are considered, the measured width in terms of laser frequency is related 
to the transition linewidth by a factor one-half. To evidence the natural width of the 
transition, a laser with less than 300 kHz spectral bandwidth would then be required. 

The experiment can be used to illustrate two-photon absorption selection rules 
by changing the laser beam polarizations. As mentioned before, the introduction of 
a quarter wave-plate before the rubidium cell allows to excite the atoms with two 
counterpropagating beams with identical circular polarizations a + . In that condition, 
the selection rule Al = 2 is always fulfilled by absorbing two photons and a strong 
Doppler-free signal is observed. Besides, if a second half-wave plate is introduced 
in front of the reflecting mirror, the polarization of the retroreflected beam becomes 
<j~ . As a result, the absorption of two photons from opposite directions would lead to 
Al = 0, and no Doppler-free signal is observed, as depicted on figure [7j However, the 
Doppler-broadened profile is still present because it corresponds to the absorption of 
two photons from the same beam (Al = 2). Note that the experimental configuration 
using two quarter-wave plate would be the optimal situation for the investigation of 
S — > S transition (AZ = 0), like the 5Si/2 — > 7Si/2 transition in rubidium. In that case, 
the profile of absorption spectra is just a Lorentzian curve, as the absorption of two 
photons from the same beam lead to Al = 2. The Doppler-broadened profile can then 
be eliminated for that particular case j25j [27]. 

As a final experiment, a permanent magnet is put close to the cell in order to 
observe Zeeman splitting. A typical result is depicted on figure [8] for the transition 
5Di/2,F g — 1 «-> 5D 5 /2 of 87 Rb. The transition through F e = 1 is not split, the one 
through F e = 2 is split into two lines and the one through F e = 3 is split into three lines. 
Such a result is an illustration of the transition selection rule Am = 2 (see Fig. [8]). 

In terms of energy, the splitting between consecutives Zeeman levels in the ground 
state is equal to g g fiBB, where g g is the electron gyromagnetic factor in the ground 
state, fiB the Bohr magneton and B the magnetic field magnitude (see Fig. [81). For the 
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Figure 7. Illustration of two-photon transition selection rule Al = 2, by changing the 
beams polarizations. (a)-Fluorescence spectrum with two counterpropagating beams 
with identical polarization a + and (b) with opposite circular polarization a + and <r~ . 
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excited state, the Zeeman level splitting follows the same relation replacing g g by the 
electron gyromagnetic factor in the excited state g e . As a result, it is straightforward 
to show that the frequency splitting of transitions associated with a given value of the 
excited state total angular momentum F e is given by (g e — g/)/iB_B. 

A systematic study of Zeeman splitting as a function the magnetic field magnitude 
has not been performed yet. As a next step, we plan to introduce the rubidium cell inside 
coils in order to have better control of the applied magnetic field. This configuration 
would allow to measure the parameter (g e — gf) or to use the Doppler-free two photon 
absorption spectrum as an atomic magnetometer. 
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Figure 8. Zeeman splitting of the transitions between 5Si/2,F g = 1 and 5D 5 / 2 of 
87 Rb, when a magnetic field B is applied to the rubidium cell. A, B, C, D, E, F are 
related to the six transitions fulfilling the selection rule Am— 2. 



6. Conclusion 

While atomic physics may be considered by students as a theoretical subject, we present 
here experiments enabling advanced undergraduates to become acquainted with spec- 
troscopy techniques widely used in laboratories. Throughout this article, we have im- 
plemented two complementary methods of high resolution spectroscopy - saturated ab- 
sorption and two-photon spectroscopy- to probe the hyperfine structure of Rubidium. 
Eventually, these experiments combined within a single setup, constitute a great oppor- 
tunity for students to investigate atomic spectra and to illustrate quantum mechanics 
selection rule as well as Zeeman Effect. 
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